Summary
Summary
Liver fluke infection caused by Opisthorchis viverrini induces several hepatobiliary conditions including advanced periductal fibrosis (APF) and cholangiocarcinoma (CCA), but >25% of the infected population develops APF and 1% develop CCA. The innate immune response is the first line of defence, and macrophages are critical regulators of fibrosis. We hypothesized that macrophages from infected individuals have different capacities to either promote or suppress periductal fibrosis. We compared phagocytic activities of macrophages of healthy individuals and O viverrini-infected individuals ± APF, and found that macrophages from infected individuals with APF ingested significantly higher numbers of beads compared with healthy controls and O viverrini-infected individuals without APF. To further investigate proteolytic activity, we monitored real-time phagosomal proteolysis of beads conjugated to DQ-BODIPY-BSA using live cell imaging. We show that macrophages from O viverrini-infected individuals with APF also have elevated phagosomal proteolysis activity, which is consistent with their increased phagocytic activity. Additionally, stimulated ROS production by blood monocytes was higher in individuals with APF compared with healthy controls and infected individuals without APF. These results suggest that during O viverrini infection, macrophages with high phagocytic and proteolytic activities together with elevated ROS production are the phenotypes that can promote tissue damage, which results in periductal fibrosis.
K E Y W O R D S
flow cytometry, human, innate immunity, Opisthorchis viverrini, peripheral blood mononuclear cells, macrophages 
| INTRODUC TI ON

| MATERIAL S AND ME THODS
| Sample recruitment
The current study is an analysis of baseline data collected from a community-based, case-control study of risk factors associated with the development of APF using high-resolution ultrasonography, as pre- 
| Sample size calculation
A statistical power analysis was performed for sample size estimation based on data from a published study. 14 The effect size in this study was 0.5, which is considered medium by Cohen's (1988) criteria. With an alpha = 0.05 and power = 0.80, the projected sample size needed for this effect size (G*Power 3.1 analysis) is approximately n = 51 per group for the simplest between-group comparison. Thus, our sample size of >100 per group was more than adequate for the main objective of this study.
| Ultrasonography
A detailed description of the ultrasonography methods used in this study can be found in previous publications. 14, 15 Using a mobile, high-resolution ultrasound (US) machine (GE model LOGIQ Book XP, GE healthcare, WI), hepatobiliary abnormalities including portal vein radical echoes, echoes in liver parenchyma, indistinct gallbladder wall, gallbladder size, sludge and suspected CCA were graded and recorded. Individuals were classified as having "nonadvanced periductal fibrosis" or "APF-" if the US grade was 0 or 1, and "advanced periductal fibrosis" or "APF+" if the US grade was 2 or 3. Individuals with alcoholic liver disease, which is seen as fatty liver by US examination, were excluded. Individuals with marked hepatic fibrosis not related to O viverrini infection (eg, cirrhosis from HBV or HCV) were also excluded from this study.
| Blood collection
A total of 20 mL of venous blood collected from the participants by venipuncture, 8 mL of which was collected in sodium heparin sprayed coated tubes (cat# 367871, Becton Dickinson, NJ) and used for monocyte isolation.
| Monocyte isolation for subsequent macrophage generation
The monocyte-derived macrophages (MDMs) used in this study
were from peripheral blood monocytes isolated using a double gradient centrifugation method. 16 Briefly , 
| Preparation of Alexa Fluor 594 dye and bodipy-BSA conjugated silica beads
The preparation of silica beads was adapted from the protocol de- Cat #D-12050, Thermo Fisher Scientific, CA). For opsonization, 0.5 mL of silica beads (14 mg/mL) was mixed with 0.5 mL purified goat-IgG (5 μg/mL) (Cat # I9140, Sigma-Aldrich, MO) and incubated at 37°C in 5% CO 2 for 30 minutes. The opsonized silica beads were then washed, and resuspended in PBS at a concentration of 1 mg/mL.
| Synchronized phagocytosis
Monocyte-derived macrophages that adhered to a 35-mm Petri dish were washed 3 times with PBS and resuspended in complete medium and then placed on ice for 10 minutes. Five-μL (2 × 10 6 particles/mL) silica beads conjugated with red Alexa Fluor 594 fluorescent dye was added to the Petri dish containing adhered
MDMs and mixed gently. The MDMs were then incubated on ice for a further 10 minutes to allow the beads to attach to the cell surface. Synchronized phagocytosis was then triggered by warming the dish to 37°C.
| Rate of phagocytosis
After 60 minutes of synchronized phagocytosis of the beads by the MDMs at 37°C in a 5% CO 2 incubator, phagocytosis was stopped by three washes with PBS before adding 2 mL of 4% paraformaldehyde (Cat # P6148, Sigma-Aldrich, MO) and incubated at room temperature for 10 minutes for fixation. The fixed MDMs were then washed three times with PBS. Randomized images of a total of 100 images were captured using scanning modes for red Alexa Fluor 594 fluorescent dye (excitation 490 nm, emission 594 nm) using BioStation IM/IM-Q software version 2.21 available from BioStation IM-Q Time Lapse Imaging System (Nikon, Japan).
Images were acquired using a ×40 objective with randomized automated acquisition following the manufacturer's instructions.
The phagocytosed beads were manually counted by an investigator blinded to the group assignment.
| Rate of proteolysis
Monocyte-derived macrophages that adhered to the Petri dish after Inc., CA) for ratiometric data analysis of intraphagosomal proteolysis.
| Measurement of ROS production
Fifty microlitres of whole blood was incubated ± GM-CSF (5 ng/mL) in a total volume of 100 μL in phosphate-buffered saline. After 30-minute incubation at 37°C, samples were treated with 5 μmol/L dihydrorhodamine 123 followed by addition of either 1 μmol/L fMet-Leu-Phe or 0.1 μg/mL PMA for a further 5 or 15 minutes, respectively, at 37°C.
Flow cytometry was used to measure the production of ROS.
| Statistical analysis
All data were expressed as the mean ± SEM. Statistical comparisons were performed using the t test between groups. When serial measurements were taken over time, groups were compared using two-way repeated-measures ANOVA with Bonferroni's correction for multiple comparisons. A P value < 0.05 was considered statistically significant.
All data were analysed using GraphPad Prism 6.0 statistical software. 
| RE SULTS
| MDMs from O viverrini-infected individuals with APF had high phagocytic activity
| MDMs from O viverrini-infected individuals with APF had elevated phagosomal proteolysis
We then measured the rate of intraphagosomal proteolysis of in- 
| ROS production is elevated in monocytes from O viverrini-infected individuals with APF
Because macrophages used in the previous two experiments are derived from peripheral blood monocytes, we then measured the production of ROS from circulating monocytes in these three cohorts. We found that there were no differences between groups in unprimed cells regardless of the stimulants. For example, there were no differences in ROS production in GM-CSF primed or unprimed cells when stimulated by the protein kinase C activator, PMA (data not shown). However, significant differences in ROS production were observed in response to the peptide, fMetLeu-Phe which activates receptor-mediated stimulation of ROS, particularly after exposure to priming agents. In the absence of the priming agent, GM-CSF, there were no differences in ROS production between the three cohorts and fMet-Leu-Phe did not activate ROS in the absence of GM-CSF ( Figure 3A-C) . However, after GM-CSCSF priming followed by fMet-Leu-Phe stimulation, monocytes from O viverrini-infected individuals with APF produced significantly more ROS than healthy control monocytes and monocytes from O viverrini-infected individuals without APF ( Figure 3D ).
These data suggest that circulating monocytes from APF+ individuals are capable of generating higher levels of ROS after priming and stimulation.
| D ISCUSS I ON
Liver fluke infection has been widely known for more than two decades as a major cause of several hepatobiliary diseases including APF. 4 The immunopathogenesis of APF is well described, and Phagocytosis is one of several ways for uptake of antigen by macrophages. 20 This process involves the vesicular internalization of solid insoluble particles and can subsequently activate NF-κB signal transduction to produce pro-inflammatory cytokines and antimicrobial peptides. 21 These pro-inflammatory products are toxic to invading pathogens, but could also damage host tissues when deregulated, especially in chronic infection/inflammation. Thus, enhanced phagocytosis found in MDMs from APF+ individuals could result in an excessive production of pro-inflammatory mediators such as reactive oxygen species. Indeed, we measured enhanced ROS an enhanced capacity by monocytes to produce ROS in whole blood and found that this was significantly elevated in infected individuals with APF. Reactive oxygen species could damage host tissues surrounding the bile ducts, which in turn, undergo repair processes, which could result in the development of fibrosis. 22 In support of this hypothesis, a previous study showed that a subset of MDMs promotes fibrogenesis after chronic O viverrini-induced tissue damage.
23
Another possible mechanism by which pro-inflammatory MDMs could lead to more advanced fibrosis is by elevated proteolytic activity. Proteolysis activity is tightly regulated by a number of protease enzymes 24 and phagosomal pH 25 because effective proteolysis determines the fate of antigens, influencing antigen processing and presentation, which determines whether an efficient adaptive immune response is generated. As such, the elevated proteolysis that observed in this study in MDMs of APF+ individuals could induce stronger adaptive immune responses, which in turn, could promote robust inflammation, resulting in more severe host tissue damage and repair.
Chronic infection leads to inflammation and the production of inflammatory mediators that are toxic to invading pathogens. pro-fibrotic phenotype, 27 our MDM activities reported here may be predominantly generated by M2 macrophages. More in-depth mechanisms on macrophage sub-type responses are required.
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